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Disruption of a3 Connexin Gene Leads
to Proteolysis and Cataractogenesis in Mice
Three connexin genes have been reported to be ex-
pressed in the lens. The a1 connexin (Cx43) has been
detected in mouse lens epithelial cells (Yancey et al.,
Xiaohua Gong,* En Li,² George Klier,*
Qingling Huang,³ Ying Wu,* Hong Lei,²
Nalin M. Kumar,* Joseph Horwitz,³
and Norton B. Gilula*§ 1992). Both a3 (Cx46) and a8 (Cx50) connexin have been
detected in the elongating primary fibers, as well as in*Department of Cell Biology
The Scripps Research Institute the secondary fibers during lens development, and they
are colocalized to the same gap junction plaques (PaulLa Jolla, California 92037
²Cardiovascular Research Center, MGH et al., 1991).
The most abundant proteins in the vertebrate lens areHarvard Medical School
Charlestown, Massachusetts 02129 crystallins, which account for more than 90% of the
lens-soluble proteins (Bloemendal, 1981; Harding and³Jules Stein Eye Institute at UCLA
Los Angeles, California 90095 Crabbe, 1984). Crystallins from mammalian lenses are
divided into three major classes: a-, b-, and g-crystallins.
Lens transparency results from the suprastructural or-
ganization of the lens that is created by both plasmaSummary
membrane components and cytoplasmic proteins, in-
cluding the crystallins. However, the molecular mecha-Gap junction channels formed by a3 (Cx46) and a8
nisms by which this organization is generated and main-(Cx50) connexin provide pathways for communication
tained are not well understood.between the fiber cells in the normal transparent lens.
The objective of this study has been to determine theTo determine the specific role of a3 connexin in vivo,
contribution of cell±cell communication via gap junctionthe a3 connexin gene was disrupted in mice. Although
channels in lens function. For this purpose, we perturbedthe absence of a3 connexin had no obvious influence
the cell±cell communication network in the mouse lenson the early stages of lens formation and the differenti-
by selectively eliminating the a3 connexin protein, one ofation of lens fibers, mice homozygous for thedisrupted
the two connexins in the lens fibers, by a gene disruptiona3 gene developed nuclear cataracts that were asso-
approach and investigated the consequence of the ab-ciated with the proteolysis of crystallins. This study
sence of a3 connexin protein on lens development andestablishes the importance of gap junctions in main-
function.taining normal lens transparency by providing a cell±cell
signaling pathway or structural component for the
proper organization of lens membrane and cytoplas- Results
mic proteins.
Production of an a3 Knockout Mouse
Introduction The full-length a3 connexin protein, like all other mem-
bers of this family, is encoded entirely within a single
The vertebrate lens consists of a single anterior surface exon. The physical maps of the wild-type a3 gene locus,
layer of cuboidal epithelial cells covering the bulk of the the a3 connexin gene targeting vector (pa3GZK), and the
lens, formed by lens fiber cells. The maintenance of disrupted a3 gene locus are schematically shown (Figure
the metabolic activities of these interior cells has been 1A). To make the targeting vector, a DNA fragment en-
suggested to depend on a unique network for current coding the four putative transmembrane domains of a3
flow, in the form of ions, that connects interior mature connexin in the exon was removed and replaced with
fibers, peripheral newly differentiating fibers, and ante- a lacZ-nls gene (Bonnerot et al., 1987) followed by a
rior epithelia cells (Robinson and Patterson, 1983; Mathias PGK neo gene. This targeting plasmid, pa3GZK, was
et al., 1997). Gap junction channels formed between transfected into J1 embryonic stem cells (ES cells). Neo-
fiber±fiber, fiber±epithelial, and epithelial±epithelial cells mycin-resistant clones (18 of 240) were confirmed to
have been proposed to be a major part of this network have undergone homologous recombination of their
and to play an important role in lens homeostasis (Good- DNA as determined by Southern blot analysis. A 12 kb
enough, 1992; Rae et al., 1996). band that corresponds to the a3 wild-type allele and a
Gap junction channels consist of two hemichannels, 5.5 kb band to the mutant allele were detected (Figure
called connexons, that are located in the plasma 1B). Two independent ES cell clones whose DNA
membranes of two adjacent cells. Each connexon is showed the 5.5 kb band were used to generate 11 male
composed of six subunits of the protein termed con- chimeras. Genomic DNA from both F1 and F2 mice was
nexin. These channels, commonly found in arrays called analyzed by Southern blot (Figure 1C) or PCR (Figure
plaques, allow small molecules of molecular weight less 1D). The a3 connexin genotype from 196 F1 and 312 F2
than 1000 daltons, to pass directly between the cyto- mice followed Mendelian rules (data not shown). Both
plasms of the two connected cells. Thus far, more than a3 (1/2) and a3 (2/2) mice were as viable and fertile as
a dozen connexin genes have been identified in verte- wild type. The connexin a3 transcripts were detectable
brates (Bruzzone et al., 1996; Kumar and Gilula, 1996). in a3 (1/1) and a3 (1/2) mice, but not a3 (2/2) (Figure
1E). The level of a3 connexin transcripts in a3 (1/2) mice
was 40%±70% of that of a3 (1/1) mice as measured by§To whom correspondence should be addressed.
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along the lens equatorial plane of an a3 (2/2) embryo
at stage 14 dpc is also shown (Figure 2B). The a3 (1/2)
embryos contained an identical lacZ staining pattern in
the lens as in the a3 (2/2) embryos, but the level of
staining was lower than in the a3 (2/2). In sections from
the lens of a3 (2/2) mice at the age of 2 weeks,
b-galactosidase activity was detected in the nuclei of
lens fiber cells and also at a lower level in the nuclei of
lens epithelial cells (Figure 2C, arrows). The newly
formed secondary fiber cells in the bow region showed
the highest intensity of staining. In the deep cortical
and nuclear region, the lacZ staining decreased and
eventually disappeared, probably due to the elimination
of the cell nuclei along with other intracellular organelles
during maturation of the lens fiber cells. A low level of
b-galactosidase activity was also detected in the tip of
the limbs during embryonic stages 11.5±14.5 dpc and
in the dorsal root ganglion cells after stage 13.5 dpc
(data not shown).
Histological Analysis of Lens Development
Lens development of the a3 (1/1), a3 (1/2), and a3 (2/2)
Figure 1. Disruption of a3 Connexin Gene in Mice mice was examined by standard histological methods.
(A±C) Physical maps (A) of the wild-type a3 connexin allele, a3 tar- From embryonic stage 11 dpc to postnatal day 3, no
geting vector, and mutant a3 allele. Restriction enzyme sites are significant morphological changes were found in a3marked as follows: A, ApaI; B, BamHI; H, HgiAI; H3, HindIII; and RI,
(2/2) mice. Typical examples are shown in the histologi-EcoRI. (RI), (A), and (H3) designate the mutated sites after construc-
cal sections from an a3 (2/2) (Figure 2D) and an a3tion. The nonitalicized amino acid sequence is the N-terminal 17
aa. residues of a3 connexin. The amino acid sequence in italics (1/1) (Figure 2E) embryo at stage 18.5 dpc. However,
represents the residues encoded by a linker sequence in front of beginning at 2±3 weeks of age, and increasing with age,
the lacZ gene. (B) Southern blot analysis of an a3 (1/1) ES cell clone an abnormal punctate light scattering was observed
and an a3 (1/2) ES cell clone. DNA from ES cells was digested with with a dissection microscope in the nuclear region ofBamHI and hybridized with the probe A (shown in Figure 1A). The
the lenses from a3 (2/2) mice. This nuclear cataract was12 kb band corresponds to the wild-type a3 allele, and the 5.5 kb
observed in the lenses of all the a3 (2/2) mice examined;band to the mutant a3 allele. (C) Southern blot analysis of F2 mice.
An a3 (1/1), an a3 (1/2), and an a3 (2/2) mouse were analyzed that is, it had a 100% penetrance. The degree of the
using probe A as used for the ES cell analysis in (B). nuclear opacity varied somewhat among individual
(D) The genotypes of the a3 knockout mice were determined also mice, but the nuclear cataracts in the two lenses from
by PCR, using three primers termed P1, P2, and P3. A 350 bp
the same mouse were identical. No nuclear cataractsPCR fragment was generated from the wild-type a3 allele, the size
were observed in a3 (1/1) and a3 (1/2) mice up to thepredicted to result from the P1 and P2 primers, and a 500 bp frag-
age of 8 months.ment from the mutant a3 allele was generated as predicted from
using P1 and P3 primers. Figure 3 contains an a3 (1/1) lens and an a3 (2/2)
(E) Total RNAs were isolated from a3 (1/1), a3 (1/2), and a3 (2/2) lens from mice at the age of 2 months. The light scatter-
lenses from 1-month-old mice and analyzed by Northern blot using ing opacity in the lens is commonly referred to as a
a cDNA probe covering the encoding DNA sequence for the four
cataract. The cataract in a3 (2/2) lenses resulted fromtransmembrane domains of a3 connexin. RNA (15 mg) was loaded
the light scattering of many aggregates in the lens nu-in each lane. The equal intensity of the rRNAs confirms that each
cleus; the lens cortex remained transparent. Histologicallane has an equivalent amount of RNA.
analysis of the cortical fibers in the sections from the
a3 (2/2) cataract lens showed normal morphology with
no swelling (Figure 4A, left panel), but regions with ag-densitometry, consistent with the presence of only one
gregated material (arrow) were observed in the nuclearconnexin gene allele in the heterozygotes.
region (Figure 4A, right panel).
Expression Pattern of the lacZ-nls Reporter
Gene during Lens Development Characterization of a3 and a8 Connexins
in the LensAnalysis of the expression pattern of the lacZ-nls gene,
which contains a nuclear localization signal, from both The localization of a3 and a8 connexin proteins in the
mouse lens membrane was characterized by using ana3 (2/2) and a3 (1/2) mice, showed that lacZ-nls activity
was first detected in the primary lens fiber cells of the anti-a3 connexin peptide antibodies and anti-a8 con-
nexin monoclonal antibodies. In the lens cortex of a3embryos at stage 11 dpc and in the secondary fibers
throughout the life of the mice. Whole-mount staining (1/1) mice, a3 (Figure 4B, left green panel) and a8 (Figure
4B, right red panel) connexins were colocalized to thefor b-galactosidase from a3 (1/1), a3 (1/2), and a3 (2/2)
embryos at stage 14 dpc is shown (Figure 2A, left em- same plaques (Figure 4B, middle orange panel), and
they were located on the broad side of the membranesbryo, a3 [1/1]; middle embryo, a3 [2/2]; right embryo,
a3 [1/2]). A typical lacZ staining histological section of the hexagonal fibers. In the cortex of a3 (2/2) mice,
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Figure 2. Expression Pattern of the lacZ-nls Gene and Lens Development
(A) Three embryos at stage 14 dpc were stained for lacZ-nls as whole mounts. lacZ staining was evident in the lenses from both a3 (1/2)
(right) and a3 (2/2) (middle) embryos. The lens of the a3 (1/1) embryo was not detectably stained (left). The a3 genotype of these embryos
was detemined by Southern analysis of genomic DNA isolated from the yolk sac.
(B) A section along the equatorial plane of an eye from an a3 (2/2) embryo at stage 14 dpc, after whole mount lacZ staining, contains blue
stained lens, surrounded by a circle of retinal pigmented epithelium.
(C) A frozen section, along the anterior±posterior axis from the eye of a 2-week-old a3 (2/2) mouse, was stained for lacZ-nls activity. The
nuclei of the newly formed fiber cells contained a strong blue staining, which gradually disappeared towards the interior fibers. A weak blue
staining was also observed in the nuclei of the lens epithelial cells located at the anterior surface of the lens (indicated by arrows).
(D) Histological section of the eye from an a3 (1/1) embryo at stage 18.5 dpc.
(E) Histological section of the eye from an a3 (2/2) embryo at stage 18.5 dpc.
the plaque-like staining signals for a8 connexin on the on a qualitative analysis. In the lens nuclear region, how-
ever, the normal polygonal arrays of furrowed mem-broad side of the membranes of hexagonal lens fibers
were still present (Figure 4C, right panel), but the a3 brane structures seen in a3 (1/1) mice (Figure 5C) were
completely disrupted in a3 (2/2) lenses (Figure 5D).connexin protein was undetectable (Figure 4C, left
panel). The plaque-like staining signals of a8 connexin Strikingly, large areas of continuous square arrays of
5±6 nm particles were often detected in the deep cortexappeared to fade away more steeply from the superficial
cortex to the deep cortex in the a3 (2/2) mice than in and nucleus of a3 (2/2) lenses (Figure 5F). In contrast,
particles in square arrays in the membranes of the a3the a3 (1/1) mice.
(1/1) lens nucleus were found as small islands mixed
with 9±11 nm particles (Figure 5E).Electron Microscopic Analysis
of the Lens Membranes
Gap junction plaques were observed by freeze-fracture
electron microscopy in both normal and a3 (2/2) mice, Lens Growth Rate and Weight
The wet weight of lenses from a3 (1/1) and a3 (2/2)and they were compared in membranes of superficial
cortical fibers of lenses from 3-week-old mice (Figure mice from the age of 3 weeks to 1 year is presented in
Figure 6A. There was no significant change in the lens5A). In both animals, the gap junctions exhibited similar
pleomorphic variations in plaque sizes and distributions. growth rate beween a3 (1/1) and (2/2) mice after birth.
Although the average lens weight from the a3 (2/2) miceHowever, the gap junction particles in the a3 (2/2) lens
cortex appeared to be packed less tightly (Figure 5B) was 10% less than their wild-type littermates after 1
year, this difference is within the standard deviation.than those in the a3 (1/1) lens cortex (Figure 5A), based
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Figure 3. Nuclear Cataract Phenotype of a3
(2/2) Mice
(A) contains the lenses (unfixed) dissected
from fresh eyes of a3 (1/1) mice and a3 (2/2)
mice at the age of 2 months and photo-
graphed from their anterior surface with a dis-
section microscope.
(B) contains a side view (anterior side of the
lens on the right and posterior side on the
left) of similar lenses embedded in LR white
resin after fixation with 2.5% glutaraldehyde.
The black staining on the lens surface is the
retinal pigmented epithelial cells attached to
the lenses. Nuc represents a 23 enlargement
of the nuclear region of the cataract lens.
A large aggregate associated with the cata-
ract is indicated by an arrow in upper right
panel. The scale bar is 1 mm.
Characterization of Crystallin Proteins were located between 17 and 27 kDa (Figure 7A, lane
5); much less protein was detected in the same rangeThe total water-soluble protein in lenses from a3 (2/2),
a3 (1/2), and a3 (1/1) littermates at different ages was when the insoluble proteins were not treated with DTT
(Figure 7A, lane 6). This is likely due to the fact that thedetermined by gel filtration. Since more than 90% of the
water-soluble protein in the normal lens consists of a-, NaOH-insoluble proteins from a3 (2/2) lenses consisted
of high molecular weight aggregates of lens proteinsb-, and g-crystallins, we focused on these proteins. At
the age of 2 weeks, a3 (2/2) mice had elution profiles linked together via disulfide-bonds in vivo, and without
DTT treatment, these aggregates were not able to enterthat were identical to those of a3 (1/1) littermates (data
not shown). However, by 2 months of age, a3 (2/2) mice a 5% polyacrylamide gel.
Lenses were physically dissected to obtain nuclearhad 15% less water-soluble protein than their a3 (1/2)
and a3 (1/1) littermates, although the lenses were identi- regions (around 60% of total lens weight) and cortical
regions (the remaining 40%). Then, the lens nuclear re-cal in wet weight. The elution profiles indicate that the
loss of water-soluble g-crystallin proteins in the lenses gion was subdivided into three fractions: water-soluble,
NaOH-soluble, and NaOH-insoluble fractions. All frac-of a3 (2/2) mice accounts for most of the deficit (Figure
6B). By 4 months of age, there was a reduction of 30% tions were analyzed on Western blots using antibodies
against aA-, aB-, b2-, and g-crystallin. Results of sam-in the quantity of water soluble proteins in the lenses
of a3 (2/2) mice compared to the a3 (1/1) mice. The ples from 2-month-old a3 (1/1) and a3 (2/2) mice are
shown in Figure 7B. Only one significant difference waselution profiles from a3 (2/2) lenses indicated that this
was due to the loss of not only g-crystallins but also observed in the lens cortex: an increase in the cleaved
form of aB-crystallin in a3 (2/2) mice (Figure 7B, lanea- and b-crystallins (Figure 6C). Lenses selected for the
same total wet weight from 4-month-old a3 (2/2) and 5) compared to a3 (1/1) mice (Figure 7B, lane 1). In
the lens nucleus, water-soluble aA-, aB-, bB2-, anda3 (1/1) littermates were separated into cortex and nu-
cleus before extraction and analysis. The elution profiles g-crystallins from a3 (2/2) mice (Figure 7B, lane 6) were
similar to that of a3 (1/1) mice (Figure 7B, lane 2). Theindicated no significant changes of water-soluble crys-
tallins in the cortex of the a3 (2/2) mice compared to NaOH-soluble proteins from both a3 (1/1) and a3 (2/2)
lens nuclei contained the cleaved forms of aA- and aB-a3 (1/1) mice (Figure 6D); a significant loss of the water
soluble a-, b-, and g-crystallins occurred only in the crystallins (lanes 3 and 7 in Figure 7B). However, no
crystallins were detected in the NaOH-insoluble fractionnucleus (Figure 6E).
In general, the proteins that remain insoluble after prepared from the nuclear region of a3 (1/1) lenses
(Figure 7B, lane 4). In contrast, the pellet fraction fromextraction of normal lenses with 20 mM NaOH in 1 mM
Na2CO3 solution are membrane proteins. These NaOH- a3 (2/2) lenses contained a significant amount of the
cleaved forms of aA-crystallin, aB-crystallin, bB2-crys-insoluble proteins from a3 (2/2), a3 (1/2), and a3 (1/1)
lenses at the age of 2 months were analyzed by Coomas- tallin, the intact form of g-crystallin, and an 11 kDa
cleaved form of g-crystallin (Figure 7B, lane 8, indicatedsie blue±stained SDS-PAGE (Figure 7A). The major
NaOH-insoluble protein band from a3 (1/1) and a3 (1/2) by arrows). Thus, most of the NaOH-insoluble proteins
of a3 (2/2) lenses in lane 5 of Figure 7A were likely tolenses was located at the position corresponding to the
major lens membrane protein, MP26 (Figure 7A, lanes be insoluble crystallins since they migrated in the range
of 17±27 kDa.1±4). There was a 5- to 10-fold increase in the total
amount of NaOH-insoluble protein in a3 (2/2) lenses Most of the cleaved forms of aA- and aB-crystallin in
the a3 (2/2) lens were similar to the sizes of the cleavedcompared to a3 (1/2) and a3 (1/1) lenses. The NaOH-
insoluble proteins of a3 (2/2) lenses were analyzed by products of aA- and aB-crystallins in the a3 (1/1) lens
nucleus. However, a unique 11 kDa cleaved g-crystallinSDS-PAGE in the presence and absence of DTT. After
treatment with DTT, most of these insoluble proteins band was detected only in the nuclear region of a3 (2/2)
Cataractogenesis and a3 Connexin
837
the N-terminal sequence of intact g-crystallins. There-
fore, it is reasonable to predict that a cleavage site for
g-crystallins is located between Asp-73 and Ser-74. A
single proteolytic cleavage at this position would gener-
ate two fragments with the same precise sizes and the
identical N-terminal sequences observed in the a3 (2/2)
lenses.
Discussion
In this study, the a3 (Cx46) connexin was disrupted in
mice by homologous recombination. Mice homozygous
(2/2) for the disrupted a3 gene developed a nuclear
cataract that resembles the age-dependent senile cata-
racts in humans. It is likely that this phenotype, based
on the function of gap junctions, results from alterations
in cell±cell signaling pathways. In addition, it was ob-
served that the a3 heterozygous (1/2) and homozygous
(2/2) knockout mice were viable and fertile, and the
early stages of lens formation and differentiation ap-
peared to be normal.
Morphological and biochemical analysis of lenses from
the homozygote mice indicated significant changes
when compared to lenses from both heterozygote or
normal mice. The phenotype of these cataractous lenses
were documented by histological, immunocytochemi-
cal, and electron microscopic analysis. The biochemical
analysis of these lenses suggests that the nuclear cata-
Figure 4. Histological and Immunocytochemical Analysis of Adult ract resulted from aggregation of lens proteins that are
Mice linked by disulfide bonds. Further, this aggregation of
(A) Histological sections from the anterior bow region (left) and the lens protein was likely initiated and facilitated by degra-
nuclear region (right) of the same cataract lens embedded in LR
dation of crystallins and, in particular, g-crystallin. Thewhite resin shown in Figure 3B. The arrow denotes an aggregate of
single specific cleavage site determined for g-crystallinundefined composition in the nuclear region. The sections were
suggests that the protease involved may be a memberstained with methylene blue. The scale bar is 10 mm.
(B and C) Indirect immunofluoresence images with double labeling of the caspase family, which have been implicated in
of a3 (FITC, green) and a8 (RITC, red) connexins in the lens cortex apoptosis (Patel et al, 1996). Thus, it is suggested that
of a frozen section from a 1-month-old a3 (1/1) mouse viewed with the loss of a3 connexin initiates a pathway in the lenslaser scanning confocal microscopy (B). The middle panel is the
that is normally involved in lens fiber maturation andmerged image from the right and left panels; the yellow denotes
that has features common to those found in apoptosis.the colocalization of a3 and a8 connexins. (C) The left and right
Although the precise relationship between the lack ofpanels contain the double-labeling pattern of a3 and a8 connexins
in the lens cortex of a frozen section from an a3 (2/2) mouse at the a3 connexin and cataractogenesis has not been defined,
age of 1 month. a3 connexin was detectable by a3 antibodies (left it is quite possible that it results from one of two potential
panel). However, the large gap junction plaques formed by a8 con- functions for a3 connexin. First, it is possible that in thenexin were still detected by the a8 monoclonal antibodies. Scale bar absence of a3 connexin, the small molecules that arefor images in (B) and (C) is 10 mm.
normally transmitted via the a3 connexin pathways and
that have a regulatory influence on the activity of mole-
cules, such as proteases, are not able to pass fromlenses, where it comprised 5%±10% of the total insolu-
cell to cell. Consequently, the protease activity is notble g-crystallin in the 1-month-old cataract lens. The 11
regulated normally, so that fragmentation of molecules,kDa g-crystallin fragment was firstdetected in the lenses
such as the g-crystallin, occurs abnormally to promoteof 3-week-old a3 (2/2) mice, and its detection was corre- the cataract phenotype. Second, the a3 connexin maylated with the appearance of the nuclear cataract. The
make significant contribution as an integral membranedegree of nuclear opacity was directly related to the
protein for lens membrane/cytoskeletal organization. Indetectable quantity of this 11 kDa g-crystallin fragment
the absence of a3 connexin in this superstructural orga-(data not shown).
nization, cytoplasmic proteins, such as the crystallins,Two g-crystallin fragments (indicated by arrows in Fig-
are not able to maintain their normal relationship, thusure 7A, lane 5), the 11 kDa fragment and a second band
creating the opacification. Both of these possibilitiesof 9 kDa, were purified by 4%±20% PAGE from the
can be defined clearly with further experimentation.NaOH-insoluble proteins of a3 (2/2) lenses. The N-ter-
minal sequence of the 11 kDa fragment was identified
by Edman degradation to be SI(V)RSFR, which is similar Expression Pattern of the lacZ Reporter Gene
The expression of the lacZ gene in the lens fibers of a3to residues 74±79 in g-crystallin. The N-terminal se-
quence of the 9 kDa fragment was GKITFY, identical to knockout mice indicates the cellular regions that contain
Cell
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Figure 5. Freeze-Fracture Replicas of the Lenses of a3 (1/1) and a3 (2/2) Mice at the Age of 3 Weeks
(A and B) contain gap junction plaques (arrows) that were observed in the superficial cortex of the wild-type lens (1/1) and the a3 (2/2) lens.
(C and D) (C) shows arrays of furrowed membrane fingers in the nuclear region from an a3 (1/1) lens, whereas (D) shows an altered membrane
with irregular furrowed structures from the same nuclear region of an a3 (2/2) lens.
(E) shows the square-array membrane particles (5±6 nm size, arrowhead) that were observed as small islands in the furrows of the membrane
arrays from the a3 (1/1) lens nucleus, with many interdigitated 9- to 11-nm particles (arrows).
(F) shows that much more extensive areas of the square-array particles (arrowheads) were observed in the disorganized furrowed membranes
from the nucleus of a3 (2/2) lenses. The scale bar is 200 nm in all images.
expression of the promotor for the a3 connexin gene in though a3 transcripts have been detected in RNA ex-
tracts from mouse (X. G. et al., unpublished data) andmice. A similar expression of the a3 connexin gene in
the lens has been seen in rat (Paul et al., 1991), chick rat heart (Paul et al., 1991).
(Jiang et al., 1995), and cow (Jarvis et al., 1993). In addi-
tion, we detected lacZ staining in embryos in both dorsal Lens Development and Cataractogenesis
in a3 (2/2) Miceand ventral regions of the tip of the limb buds, the dorsal
root ganglion cells, and the lens epithelial cells. These Morphological analysis of the lenses of a3 (2/2) mice
indicate that this is not a typical osmotic-type cataract,results implicate a3 connexin as a functional component
of the cells in these regions during development. lacZ such as the diabetes cataract (Bond et al., 1996) or
that found in the congenital Catlop mouse (Shiels andstaining was not detectable in the adult heart, even
Cataractogenesis and a3 Connexin
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Figure 7. Electrophoretic Characterization of Lens NaOH-Insoluble
Proteins and Crystallins
(A) A Coomassie blue stained gel of the NaOH-insoluble proteins
from the lenses of a3 (1/1) (lanes 1 and 2) , a3 (1/2) (lanes 3 and
4), and a3 (2/2) (lanes 5 and 6) littermates at the age of 2 months.
Both lenses from a single mouse were used to prepare the NaOH-
insoluble proteins; these proteins were divided into two equal por-
tions, which were dissolved in an equal volume of sample buffer,Figure 6. Lens Weight and Crystallin Profiles
with and without 10 mM DTT. Equal volumes of the samples were(A) Comparison of the total lens weight of a3 (1/1) and a3 (2/2)
separated in a 12.5% polyacrylamide gel and stained with Coomas-mice as a function of age. Lenses were weighed immediately after
sie blue. The samples with 10 mM DTT were in lanes 1, 3, and 5,dissection from the eyes. The lens weight in the figure represents
and those without DTT in lanes 2, 4, and 6. Significant amounts ofan average of lenses from 6 to 16 mice. The closed circles and open
protein from 17 to 27 kDa in size were observed only in lane 5, whichtriangles represent the total lens weight of a3 (2/2) and a3 (1/1)
contained the NaOH-insoluble protein from a3 (2/2) lenses in DTTlenses, respectively.
containing sample buffer. Although lane 6 had an equal amount of(B) The elution profiles of the total water soluble crystallins from the
protein as lane 5, due to the absence of DTT, most of the insolublelenses of a3 (1/1) (triangles) and a3 (2/2) (closed circles) mice at
protein existed as high-molecular-weight aggregates that could notthe age of 2 months. a, b, and g peaks correspond to the three
enter the 5% stacking gel. The major band, observed in lanes 1±4,major classes of crystallins.
corresponds to themajor lens membrane protein, MP26. Twoarrows(C) The elution profiles of the total water soluble crystallins from the
on the right side denote the bands (in lane 5) corresponding to thelenses of a3 (1/1) and a3 (2/2) mice at the age of 4 months.
9 and 11 kDa cleaved g-crystallins that were purified for determina-(D) The elution profiles of the total water soluble crystallins from the
tion of their N-terminal peptide sequence.cortical regions of the lenses of a3 (1/1) and a3 (2/2) mice at the
(B) Comparison of crystallin protein profiles in the lenses of a3 (2/2)age of 4 months.
and a3 (1/1) mice by Western blot analysis.(E) The elution profiles of the total water soluble crystallins from the
Protein extracts from a3 (1/1) lenses (lanes 1±4) or a3 (2/2) lensesnuclear regions of the lenses of a3 (1/1) and a3 (2/2) mice at the
(lanes 5±8) were subjected to SDS-PAGE and Western blotting. Allage of 4 months. The peak labeled H represents the water-soluble
samples were analyzed in sample buffer containing 10 mM DTT.high-molecular-weight protein aggregates.
Lanes 1 and 5 contained the total lens cortical protein, lanes 2 and
6 contained the water-soluble fraction from the lens nucleus, lane
3 and 7 contained the NaOH-soluble fraction from the lens nucleus,Bassnett, 1996), in which swelling of the lens fibers has
and lanes 4 and 8 contained the NaOH-insoluble fraction from the
been observed. Instead, it displays morphological fea- lens nucleus. Four different polyclonal crystallin antibodies, anti-aA,
tures comparable to those found in senile human cata- anti-aB, anti-bB2, and anti-g, were used to analyze these samples.
racts (Al-Ghoul et al., 1996 ). Biochemical data indicate The position of the intact form of each crystallin protein is indicated
on the left side. The arrows on the right side indicate the positionsthat the nuclear cataracts result from the light scattering
and size (in kDa) of cleaved forms of aA-, aB-, bB2-,and g-crystallinsof high-molecular-weight insoluble aggregates of lens
in the NaOH-insoluble proteins from a3 (2/2) lenses.proteins formed by disulfide cross-linking between pro-
teins. These types of changes have been reported also
to occur in the human nuclear cataracts (Spector, 1985;
Al-Ghoul et al., 1996).
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From a histological analysis and measurements of mice, where g-crystallins are normally enriched (Siezen
lens weight, the differentiation of the lens fiber cells and et al., 1988). Several congenital nuclear cataracts have
the early growth of the lens were not affected by the been directly associated with the modification of one
absence of a3 connexin in the mice. However, the early or more of the g-crystallin genes. Activation of a gE-
onset of a nuclear cataract in a3 (2/2) mice establishes crystallin pseudogene (igE gene), which expressed a 6
that a3 connexin is essential for maintenance of lens kD N-terminal gE-crystallin fragment, has been sug-
transparency. The slight reduction in the weight of the gested to be the cause of the hereditary Coppock-like
lenses from the older a3 (2/2) mice was likely to be a cataract in human (Brakenhoff et al., 1994). We propose
consequence of the pathogenesis of the nuclear cata- that thedegraded g-crystallins in a3 (2/2) mice are suffi-
ract. The cataractogenesis in a3 (2/2) mice is unlikely cient to initiate and accelerate the aggregation of the
to be due to lacZ protein expression for several reasons: lens proteins in the nucleus to generate nuclear cata-
first, previous studies have shown no evidence of cata- racts.
ract formation when the lacZ gene is highly expressed The putative cleavage site between Asp-73 and
in the lens (Goring et al., 1987); second, lacZ proteins Ser-74 for g-crystallins suggested in the present study
were preferentially detected in the lens cortex, where is different from that determined for a 9 kDa water-
no cataracts were observed; and third, lenses of a3 (1/2) soluble gD-crystallin fragment in human lens (Srivastava
mice also expressed lacZ proteins in the lens but exhib- and Srivastava, 1996). It has been reported that g-crys-
ited no cataracts up to the age of 8 months. tallins are resistant to the calpain II protease (David and
Shearer, 1986). Therefore, the degradation of g-crys-
tallins observed in this study is likely to result from theCharacterization of a3 and a8 Connexins
action of another protease in the lens. Comparison ofin the Lens
the Asp±Ser cleavage site of the g-crystallin with knownConnexin a8 has been reported to be cleaved at its C
protease substrate specificities indicates that caspaseterminus to generate a 35 kDa form in the rat lens (White
proteases of the cysteine protease family (Nicholson etet al., 1992; Lin et al., 1997). The proteolytic processing
al., 1995) and granzyme B (Caputo et al., 1994) canof a8 connexin is first detected in the lens nucleus of
cleave at this Asp-X site. Both proteases have beenthe mice at postnatal day 5 by immunocytochemical
reported to play a critical role in apoptosis (Patel et al.,staining (Evans et al., 1993). Thus, it is possible that the
1996). Different members of the caspase family haveintact a8 connexin might be sufficient to compensate
been reported to be expressed in many different organsfor the loss of a3 connexin proteins during early lens
and cell types. It is possible that a caspase-related pro-development and in the differentiating fibers in the lens
tease is responsible for the cleavage of g-crystallin. Thecortex. However, the fact that a8 connexin did not com-
action of this enzyme may play an important role in bothpensate for the loss of a3 in the lens nucleus might be
maturation of lens fibers in normal lenses and cataracto-due to the proteolysis of a8 connexin in the nuclear
genesis in a3 (2/2) lenses. However, whether the cas-region.
pase-related protease exists in the lens remains to beThe dispersed 9±11 nm particles shown in the right
determined.panel of Figure 5E are likely to represent gap junction
Apoptosis has beenreported in the lens epithelial cellsparticle aggregates in the lens deep cortex and nucleus
(Li et al., 1995). The maturation of lens fiber cells to(Costello et al., 1989), and these particles were often
promote transparency includes complete degradationmixed among many small islands of square-array parti-
cles thought to represent MIP channels that are formed of all intracellular organelles including the nucleus, en-
by MP26 (Zampighi et al., 1989). Square arrays have doplasmic reticulum, and mitochondria. While this pro-
also been observed in several types of congenital and cess resembles some features of apoptosis (Chaudun
transgenic mouse models (Lo and Kuck, 1987; Dunia et al., 1994), the molecular mechanisms involved in this
et al., 1996). The formation of square arrays has been process are poorly understood and are reported to differ
correlated with the degradation of MP26 to MP22 (Cos- from classical apoptosis (Wride, 1996; Bassnett and Ma-
tello et al., 1989). In contrast, square arrays have been taic, 1997).
observed in MDR3 transgenic mouse lenses in the ab- The function of a-crystallin as a chaperone protein
sence of proteolytic degradation of MP26 (Dunia et al., that prevents denaturation and aggregation of crys-
1996). No significant changes in the RNA and protein tallins in vitro (Rao et al., 1995) and in vivo (Brady et
levels of MP26 and MP22 (the cleaved form of MP26) al., 1997) has been described. The profile of degraded
were detected in the a3 (2/2) lenses (X. G. et al., unpub- a-crystallins in a3 (2/2) lenses was remarkably similar to
lished data). The appearance of the large areas of that present within mature fibers normally. The putative
square-array particles likely resulted from the significant cleavage site of aB-crystallin in vivo can be reproduced
reorganization of the membrane structure in the a3 (2/2) in vitro using calpain II protease (Yoshida et al., 1986).
lens nucleus. This data suggests that a3 connexin might Degradation of the C terminus of a-crystallins could
also play a structural role in the organization of mem- reduce their chaperone function (Takemoto, 1994). Cal-
brane protein and lipid. pain II has been reported to play a critical role in several
cataract models (Yoshida et al., 1985; Truscott et al.,
1990; Shearer et al., 1992; Mitton et al., 1996). It is possi-Molecular Basis of Nuclear Cataractogenesis
ble that calpain II may also be involved in the cataracto-in the a3 (2/2) Mice
genesis of a3 (2/2) mice. However, based on the evi-Immunoblotting verified that the degradation of g-crys-
tallins was detected only in the lens nucleus of a3 (2/2) dence that extensive degradation of aB-crystallin was
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in the a3 gene locus was used as the probe to examine the size ofdetected in the transparent cortex of the nuclear cata-
the wild-type or a3 gene disrupted alleles. The procedure for South-ract lens from a3 (2/2) mice, we think that the degrada-
ern blot analysis followed the protocol provided by the manufacturertion of aB-crystallin is not by itself sufficient to generate
(GeneScreenplus membranes, NEN Research Products). Three
the opaque lens. Calpain II may be responsible for the primers were used for PCR to examine the wild-type or a3 mutant
degradation of aB- and b-crystallin, but not g-crystallin. alleles: the oligo deoxyribonucleotide (CCCAGGCTCTACCTCAG
GTT) was used as a 59 primer for detecting both the wild-type alleleFurther, nodegradation of g-crystallinhas been reported
and the a3 knockout allele, the oligo deoxyribonucleotide (CTTTGCCin cataract models mediated by the activation of calpain
GATGACTGTAGAG) was used as the 39 primer for detecting theII (Yoshida et al., 1985; Truscott et al., 1990; Shearer
wild-type gene allele, and the oligo deoxyribonucleotide (CAGGGTTet al., 1992; Mitton et al., 1996). Thus, the observed
TTCCCAGTCACGAC) from the lacZ gene sequence was used as
degradation of g-crystallin in a3 (2/2) lenses is unlikely the 39 primer for detecting the a3 gene disrupted allele. The expected
to be a consequence of the activation of calpain II. While PCR products from the wild-type allele or the a3 disrupted allele,
respectively, were a 350 bp or a 500 bp band.ubiquitin has been found in macromolecular aggregates
For Northern blot analysis, total RNAs were isolated from 10 toof crystallin (Jahngen-Hodge et al., 1992), its involve-
14 lenses per group from a3 (1/1), (1/2), or (2/2) mice at the agement in the generation of the cataract phenotype in the
of 1 month by the CsCl method(Sambrook et al., 1989). The Northern
a3 (2/2) mouse lens remains to be clarified. blot analysis followed the protocol provided by the manufacturer
Cataract formation is often associated with changes (GeneScreenplus membranes, NEN Research Products). An a3
in the ionic balance in the lens, especially the homeosta- cDNA probe, a 0.8 kb HgiA1±ApaI fragment encoding the four trans-
membrane domains of the a3 connexin protein was used for hybrid-sis of calcium ions, which have an important role in the
ization.activation of proteolytic enzymes (Duncan et al., 1994).
Indeed, gap junction channels might be a major pathway
lacZ Staining, Histological, and Immunocytochemical Analysisfor transporting calcium ions among the lens fiber cells.
The lacZ staining method was carried out as described (Bonnerot
It will be important in future studies to determine if there and Nicolas, 1993). Lenses from embryos or newborn mice were
is an impairment in the ionic balance, the calcium level, prepared by using a standard histological method for paraffin-sec-
ubiquitination, and the activity of calpain II in the lens tion and hematoxylin and eosin staining. Lenses from adult mice
were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffernucleus during the cataractogenesis of a3 (2/2) mice.
for 5 days, then embedded in LR white resin. Sections were stainedIn summary, the changes in the crystallins observed
with methylene blue. For immunocytochemical staining, mouse eyesin the cataractogenesis of the a3 (2/2) mice suggest that
were fixed with fresh 4% formaldehyde in phosphate-buffered saline
gap junctional channels in the lens transport metabolic (PBS) for 30 min, then washed with PBS twice, and soaked overnight
substrates (small molecules) that are ultimately impor- in 30% sucrose in PBS. Afterward, the samples were processed by
tant for the regulation of an unknown protease(s) and using a standard frozen-section method and analyzed with different
antibodies as described (Risek et al., 1994). The distribution of anti-maintenance of the superstructural organization of lens
gen was analyzed by laser scanning confocal microscopy (Bio-Rad,proteins responsible for lens transparency. The morpho-
C600). For freeze-fracture electron microscopy, the lenses werelogical results in this study also suggest that a3 connexin fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for
might have a structural role in the organization of lens 5 days, then processed and analyzed as described previously (Risek
membrane components. Finally, the potential relevance et al., 1994).
of this mouse model for studying human cataracts is
supported by the recent report that a human autosomal Gel Filtration Analysis
Fresh lenses were dissected from the mice and homogenized in 0.1dominant cataract has been mapped to the same region
M NaCl,50 mM Na2HPO4 (pH 7) at 40 mg lens wet weight/ml solution.on human chromosome 13 where the a3 connexin gene
The soluble fraction was collected after 15 min of centrifugation atis located (Mackay et al., 1997).
15,000 rpm and filtered through a microfilterfuge tube (0.45 mm
NYLON-66, Rainin). Gel filtration analysis was then carried out on
a Pharmacia-LCC 500 instrument with a Superose 6 HR 10/30 col-Experimental Procedures
umn. The elution buffer was 50 mM Na2HPO4, 0.1 M NaCl (pH 7.0).
Construction of a3 Targeting Vector and Generation
of a3 (2/2) Mice Biochemical and Western Blot Analysis
To prepare the NaOH-insoluble protein samples, lenses were dis-Two genomic clonesencompassing a total of 25 kb of DNA sequence
for the a3 connexin gene locus were isolated from a 129/Sv FIX library sected from both eyes of an animal and homogenized in 0.5 ml of
20 mM NaOH and 1 mM Na2CO3. The insoluble pellet was collected(Stratagene). A 3.7 kb ApaI±HindIII fragment from the 39 end of the
a3 gene locus was inserted by blunt ligation into the pPNT vector after centrifugation at 15,000 rpm for 15 min, washed once with
the same solution, and then washed once with 1 mM Na2CO3. The(Tybulewicz et al., 1991) at the BamHI site to yield the pa3PNT vector.
A 4 kb EcoRI-HgiAI fragment from the 59 end of the a3 gene locus, insoluble pellets were then dissolved in an equal volume of sample
buffer (60 mM Tris [pH 6.8], 2% SDS, 10% glycerol, and 0.001%including the sequence encoding the 17 N-terminal amino acid resi-
dues of a3 connexin, was ligated in-frame with the lacZ-nls gene bromophenol blue) with or without 10 mM DTT. When DTT was
omitted to avoid reducing proteins to subunits, 10 mM iodoacet-(Bonnerot et al., 1987) through a linker. This a3 lacZ-nls fragment
was inserted into the p a3PNT vector at the NotI site to generate amide was included to prevent disufide interchange.
To prepare the lens samples for Western blot analysis, each lensthe a3 targeting vector (p a3GZK). These targeting plasmids were
transfected intoJ1 embryonic stem cells by electroporation. Neomy- was separated into two parts: a lens nucleus (around 60% of total
lens wet weight) and a lens cortex (the remaining part). The lenscin-resistant clones were verified by Southern blot. Two of these a3
knockout clones were injected into C57BL/6J blastocysts to pro- cortex was dissolved in sample buffer containing 10 mM DTT; this
is referred to as the total lens cortex proteins. The lens nucleusduce chimeras as described (Li et al., 1992). Male chimeras were
used as founders to breed F1 hybrids with C57BL/6J female mice. was extracted three times with 0.1 M NaCl, 50 mM Na2HPO4; the
supernatant represents the total water-soluble proteins in the nu-F2 mice were generated from the intercross between a3 heterozy-
gous (1/2) F1 mice. cleus. The insoluble pellet was further extracted three times with 20
mM NaOH, 1 mM Na2CO3; this supernatant represented the NaOH-For Southern blot analysis, the DNA was isolated from ES cells
or from mouse tails, then digested with BamHI. A 900 bp EcoRI soluble protein. Finally, the insoluble pellet was dissolved in sample
buffer with 10 mM DTT, and this is denoted as the NaOH-insolublefragment (probe A in Figure 1A), next to the 59 homologous region
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proteins. All samples for Western blot analysis were dissolved in Duncan, G., Williams, M.R., and Riach, R.A. (1994). Calcium cell
signaling and cataract. Prog. Retin. Eye Res. 13, 623±652.loading buffer with 10 mM DTT.
The 9 and 11 kDa degraded g-crystallins were separated from the Dunia, I., Smit, J.J.M., van der Walk, M.A., Bloemendal, H., Borst,
NaOH-insoluble proteins of a3 (2/2) lenses by a 4%±20% polyacryl- P. and Benedetti, E.L. (1996). Human MDR3-P-Glycoprotein expres-
amide precast gradient gel (Novex) and transferred to a PVDF (Bio- sion in transgenic mice induces lens membrane alterations leading
Rad) membrane. N-terminal sequence analysis was performed by to cataract. J. Cell Biol. 132, 701±716.
Edman degradation on a Perkin-Elmer/Applied Biosystems Model Evans, C.W., Eastwood, S., Rains, J., Gruijters, W.T., Bullivant, S.,
494A sequencer. and Kistler, J. (1993). Gap junction formation during development
of the mouse lens. Eur. J. Cell Biol. 60, 243±249.
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